Introduction
The dispersion of powders in liquids is an important process, particularly in the ceramics industry. 1),2) Selection of a dispersing technique and chemical dispersant system are also very important factors critical to achieving high solids slurry. Many recently developed ceramic processing techniques including spray drying, slip casting, pressure casting, tape casting and gel casting employ well dispersed suspensions with very high levels of solid loading. Good dispersion at high solid loading is not only necessary but also pre-requisite for all slurry based forming processes.
2) The dispersion quality of ceramic suspensions, prior to the forming process, therefore, must be controlled satisfactorily in order to maintain high standard of manufacturing and to obtain consistent/reproducible products. Many new techniques are now available to characterize the dispersion quality of suspensions, these include the rheological, sedimentation, adsorption, electrophoresis, charge quantity and zeta potential (ζ) measurements. The dispersant screening process in aqueous colloidal systems usually starts at low solids loading using either sedimentation or light scattering to determine the degree of dispersion of the particles in the solvent. However, studies need to be carried out at higher solid loading since it has been shown that a dispersant that provides the same at low solids concentration may not necessarily provide good dispersion at high solids concentration.
2)-6) However, the methods available for observing either the extent of dispersion or the charge on the particles often are indirect. Many are optical methods, which generally require dilution of the suspension, with consequent alteration of the equilibria that involve adsorption, unless particular care is taken to compensate for the dilution process. Other procedures are batch methods, which involve the irreversible alteration of suspension samples, as in centrifugation methods. Previously, many articles have been reported about the adsorption of different polyelectrolyte dispersants onto alumina.
3)-5) Santhiya et al. 6) was measured the adsorption of Poly (acrylic acid) on a 2 mass% suspension via equilibration and centrifugation, followed by chemical analysis, whereas the ζ value was measured on a 0.01% suspension via micro-electrophoresis. The important properties in determining the rheological characteristics of concentrated colloidal suspensions are the ζ-potential of the suspended particle and the isoelectric point (IEP) of the suspension. The magnitude of the ζ-potential is also very important. When the magnitude of the ζ-potential to IEP is high, the net particle interaction is repulsive and a non-plastic, low viscosity suspension is usually obtained. Hence, in the present investigation, the recently developed electrokinetic sonic amplitude "ESA" technique, which is based on the electroacoustic theory, with a Model ESA-8000 from MATEC (Northborough, MA, USA) has been carried out to measure simultaneously electrokinetic (ζ-potential, the relative ESA signal) properties with pH dependency of different concentrated colloidal α-Al2O3 suspensions in the presence of different amounts of anionic polyelectrolyte (Dolapix CE64). Then, by the laser light scattering (Mastersizer, Malvern Instruments, UK) technique, the average (d50) particle size of alumina suspensions with different solid concentrations dispersed by optimum amount of Dolapix CE64 (after dilution) is measured. In addition, the Bingham flow model has been carried out to evaluate the effect of dispersant concentration on the rheological and electrokinetic properties of concentrated alumina suspensions. In this investigation, ESA technique has been used to screen the dispersion of submicron α-Al2O3 powder through the addition of a commercial type of anionic polyelectrolyte (Dolapix CE64) as dispersant.
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Electrokinetic Sonic Amplitude "ESA" Phenomena -
Theoretical background
The first precise and detailed background of the theory for electroacoustic measurements was provided by O'Brien.
7) The electroacoustic (ESA) technique is based upon the effect that when an alternating electrical potential is applied to a suspension of charged particles, it causes the particles to shake back and forth in a way that depends on their size and on their net-zeta potential at the frequency of the applied field. If there is a density difference between the particles and the liquid this motion will generate an alternating acoustic wave of the same frequency as the applied electric field. This phenomena, of sound waves generated by an applied field is called "the Electrokinetic Sonic Amplitude" or ESA effect. Particle motion is counter-balanced by periodical polarisation of the electrical double layer to form a dipole, as shown schematically in Fig. 1 . For radiofrequency fields, this vibratory motion creates an ultrasonic wave at the electrode/solution interface. The ultrasonic signal is detected and converted into a voltage (ESA) by a piezoelectric transducer. In the case of adherence to certain boundary conditions a dynamic mobility and the ζ-potential can be calculated from the ratio of pressure wave amplitude and field amplitude. The ESA signal depends on the particle velocity and from that the dynamic mobility, μd, can be determined. The dynamic mobility of the particles depends on their size, zeta potential, and the frequency of the applied field. The magnitude of the ESA signal is related to the dynamic electrophoretic mobility, μd, of the particles by: 7) (1) where P is the pressure amplitude of the ultrasonic wave, Eω is the amplitude of the alternating electric field, μd is the dynamic mobility, c sound velocity in suspension, Δρ is the density difference between the particles and the solvent, φ is the volume fraction of the particles in suspension, Gf is the geometrical factor of the electrode and ω is the angular frequency of the applied field. The calculation of the ζ-potential from the dynamic mobility has to consider the size, density and frequency dependent inertia forces. O'Brien 7) has formulated a Smoluchowski type formula relating the high frequency or dynamic mobility to the particle zeta potential: (2) ε dielectric permittivity of the suspension ζ zeta potential η viscosity f factor considering the diameter relation of particle and double layer G(α) considers the inertia forces of the particles at high frequency The equation for converting the ESA amplitude to the (ζ) zetapotential becomes:
Further information about electroacoustic measurements can be find in literature. 8) In the case of our suspensions, the ESA (m·Pa·mV -1 ) signal is directly proportional to the zeta potential of dispersed particles.
9) The measured potential, called the ESA signal, is an important guide to the stability of high concentrated nanoparticle size dispersions, in this study.
Experimental procedures

Materials
The commercially available submicron α-Al2O3 (high purity, AA04, Sumitomo Co., Japan) powder with an average (d50) particle size of 0.514 μm (as measured by supplier via equipment:
Horiba CAPA-700 Particle Analyzer) used in this study. Table  1 shows the main characteristics of the starting powder used. A commercially available alkali-free anionic polyelectrolyte (Dolapix CE64, Zschimmer & Schwarz GmbH Co., Germany) dispersant used in the study. Dolapix CE64 is delivered as a 70 mass% aqueous solution with a pH of 7. This particular dispersant is based on a polycarboxylic acid that imparts stability by electrosteric interactions.
2) According to the manufacturer, the dispersant possesses bivalent groups. It has been reported earilier 12) that Dolapix CE64 is an enthanolaminic salt of citric acid and the average molecular weight is 320 g/mol. In this study, dispersant concentration is expressed in weight % on dry powder basis. ** The true bulk density is based on specific gravity of Alumina.
Electrokinetic (ζ-potential, ESA) measurements
To evaluate the surface activity of Dolapix CE64 as a dispersant in α-Al2O3 aqueous suspensions, electrokinetic (ζ-potenital, ESA signal) measurements were performed with an advanced electrokinetic sonic amplitude "ESA" technique with a Model ESA-8000 from MATEC APPLIED SCIENCES in this study. This technique is able to determine simultaneously the electrokinetic (zeta potential, ESA signal, electrophoretic mobility) properties and as well as pH and isoelectric point of ceramic suspensions using an SP-80 probe in a teflon vessel at a nominal frequency of 1 MHz. The ESA instrument and its relative devices are shown in Fig. 2 . The electroacoustic (ESA) probe was calibrated as follows. A SSP-1 sample cell of ESA system that contained a stirred water sample was equilibrated for at least 30 min at a temperature of 23°C. The pH was calibrated at pH values of 4, 7, and 11. Suspensions for determining of the zeta potential and ESA signal as a function of pH were prepared with different solid concentrations of 2, 10 vol% and 45.68 vol% (8, 31 and 77 mass%, respectively) α-Al2O3 powder in distilled water containing with and without additions of Dolapix CE64 in the range of between 0.3-0.5 mass%. The dielectric permittivity constant of suspensions was detected by ESA device to be 78.36 and viscosity of solvent was calculated as 0.89 (cp). After addition of different amounts of dispersant into the suspensions of a given solid loading, the resulting suspensions were treated in 250 ml zirconia milling jars with 100 g of spherical YTZ ceramic balls as milling media with diameter of 5 mm. Then, samples were mixed in a planetary ball mill (Pulverisette 6, Fritsch, Germany) for a period of 30 min with 500 rpm. For a better dispersing, the resulting suspensions were sonicated for 3 min using an ultrasonic probe. Then, freshly prepared α-Al2O3 suspensions were placed between two electrodes by partially immersing the electroacoustic (SP-80 Probe) device into the liquid dispersion inside of the sample holder (teflon vesel, SSP-80 Cell) of the ESA-8000 device [see Fig. 2 ] and allowed to equilibrate at 23°C before ESA measurements. ESA measurements were recorded as the pH was titrated from pH 3 to pH 11.
In order to study the zeta potential in a pH range of 4.0 to 11, automatic titrations were performed using the Merck brand 0.1N HCl and 0.1N NaOH solutions. To insure pH stability and to determine the concentrations at which surface coverage is complete, pH was determined just before and just after each ESA measurements. Experimental data were recorded in steps of about 0.1 pH-units. A temperature, pH, and conductivity probes detect the temperature, the pH, and the conductivity of the suspension during the measurement (see Fig. 2 ). While these ESA experiments were being performed, suspension stabilities were measured crudely by observing the flocculation behavior of a portion of the sample in a pipette, according to the Andreasen's pipette method. 10) This method was used to describe the colloid qualitatively through its sedimentation behavior.
Rheological measurements
Rheological measurements were carried out at 23°C on highly concentrated (45.68 vol%) aqueous α-Al2O3 suspensions to determine the optimum viscosity, using a concentric cylinder rheometer (Sensor Z41, RV1, Thermo Haake, Ltd., Germany), which is able to measure the corresponding viscosity and shear stress under controlling shear rate. Separate samples were prepared at the required dispersant concentrations (in the range of 0.3-0.5 mass%) and pH. Before rheological measurements, the suspensions were dispersed by using a planetary ball-mill for 30 min with 500 rpm, deagglomerated with a high-energy ultrasonic horn for 5 min and then equilibrated for 5 min to assure equilibrium adsorption. The total volume of the suspension was ~14 ml.
Results and discussions
ESA measurements allow the electrokinetic (ζ-potential, ESA signal, pH) values to be determined directly on relatively concentrated alumina suspensions without dilution. In this investigation, ESA measurements have been carried out in two parts, as follow.
Electrokinetic measurements of low (2 vol%) concentrated suspensions
In this part of investigation followed by ESA measurements, the electrokinetic properties (as zeta-potential and ESA signal) of low (2 vol%) concentrated α-Al2O3 suspensions with and without addition of optimum amount (which was previously obtained through the viscosity measurements) of dispersant (Dolapix CE64) were characterized, as the results are shown in Fig. 3(a,   b) . Fig. 3(a) shows the ζ-pontential values as a function of pH that has been obtained from an electroacoustic titration of a 2 
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vol% suspension of the α-Al2O3. Similar results were obtained for the ESA value which is proportional to zeta potential, as shown in Fig. 3(b) . The top curves in Fig. 3(a, b) show the pH dependence of ζ and ESA in the pH range of 3-11 for alumina suspension without Dolapix CE64. The isoelectric point (iep) and ζ values (iep = pH 9.86 and ζ = 87 mV at pH 4, respectively) are about 1 unit and 40 mV higher than the reported values (iep = pH 8.7 and ζ = 47 mV at pH 4, respectively) shown in the figures from a paper by Cesarano et al. 5) for a very dilute suspension of the same alumina. These differences can be related to the higher surface area and different preparation process of alumina powder. The lower curves in Fig. 3(a, b) show the pH dependence of the effect on the ζ and ESA values by addition of optimum amount (0.4 mass%) of Dolapix CE64 to the 2 vol% α-Al2O3 suspension. 6) As, it can be seen from Fig. 3 , the optimum amount of dispersant in alumina suspension reduced the values of both ζ and ESA from their initial positive values at pH < 9.8; above this pH, the alumina particles were negatively charged but adsorption still occurred, to increase the negative ζ and ESA values. This increase in the negative ζ values is expected, because the Dolapix CE64 is anionic at all pH values in the range of 4-11.
6) It is evidently clear that increasing of dispersant concentration intensifies the effect of increasing the negative charge of the particles.
Also, Fig. 4 shows the agreement between the results of the 2 vol% and 10 vol% suspensions of the shift of the IEP to smaller pH values with an increase in the amount of Dolapix CE64. The two curves are indistinguishable when the Dolapix CE64 concentration is expressed in terms of a weight percentage of alumina powder.
Electrokinetic measurements of high concentrated (45.68 vol%) suspensions
The electrokinetic properties of high solid 45.68 vol% (~77 mass%) concentrated α-Al2O3 suspensions with different amounts of Dolapix CE64 in the range of 0.3-0.5 mass% were determined by ESA technique and the results are shown in Table  2 . Table 2 shows the relationship between the dispersant concentrations, ESA, ζ-potential and pH values of highly concentrated alumina suspensions. It can be seen that the magnitude of the values of ESA, ζ-potential and pH increases as the dispersant content increases up to its optimum amount (0.4 mass%). Both ESA and ζ-potential attain their limits at -8.24 (m·Pa·mV -1 ) and -6 (mV) as the value of dispersant approaches to it optimum amount 0.4 mass%. Further, the relationships between ESA and pH values and slip viscosity (at shear rate of 50 s -1 ) of high concentrated 77 mass% alumina suspension as a function of dispersant concentration were determined as shown in Fig. 5(a, b) . The results obtained from Table 2 and Fig. 5(a) indicate that the amount of 0.4 mass% Dolapix CE64 is the optimum amount of dispersant that can be adsorbed onto the α-Al2O3 particles and required to stabilize a concentrated alumina suspension at the inherent pH (9.0-9.2). This is in agreement with the results reported by Novak et al. 11) and A. Dakhskobler et al. 12) Further, this result is confirmed by measuring of slip viscosity vs ESA values as a function of dispersant concentrations in the (m·Pa·mV -1 ) of optimum suspension (B) with a pH of 9.1 decreases to -8.20 (m·Pa·mV -1 ) for suspension (C) with a smaller pH of 8.9, dispersing stability is lower, which means decreasing surface charge. Further, we have already reported in our previous works 2),13),14) that Dolapix CE64 is an effective anionic polyelectrolyte dispersant which is based on a polycarboxylic acid that imparts stability by electrosteric interactions, with a pH of 9 > pHiep. Thus, the adsorption of the optimum amount of Dolapix CE 64 with higher pH > pHiep, the adsorption is somewhat homogeneous than that of the latter, therefore, the slurry is relatively stabilized with viscosity minimum. If the concentration of this polymer is sufficiently high and the equilibrium adsorption plateau is established which is caused viscosity minimum, the α-Al2O3 particles will be uniformly covered by a layer of coiled polymers. The steric barrier provided by the dissociated carboxylic group and the negative charge of the polymer chains, in conjunction with the electrostatic double layer, provides an electrosteric repulsive barrier that exceeds van der Waals attractive forces and will prevent the particles from approaching, so the stabilization under this condition is a electrosteric stabilization. Finally, it can be concluded that the addition of optimum amount 0.4 mass% of Dolapix CE64 to a concentrated 77 mass% alumina suspension at pH 9.1 provided electrosteric dispersion.
Relationship between dispersant concentration and Particle size distribution
In addition to the electrokinetic (ζ, ESA) values obtained by ESA technique, a measure of the average (d50) particle size was obtained by applying of the laser light scattering (Mastersizer-2000, Malvern, UK) technique for different solid concentrated aqueous suspensions (after dilution to < 2 vol% solids content) with and without addition of the optimum amount of Dolapix CE64, separately. Figure 6 and Table 3 show the cumulative particle size distributions of the submicron α-Al2O3 suspensions with different solid contents of 2 vol% and 45.68 vol% (77 mass%), with and without addition of the optimum amount (0.4 mass%) of dispersant, Dolapix CE64. From Fig. 6 and Table 3 , it can be seen that the data from the cumulative particle size distribution gave a value of 1.046 μm for the particle diameter of As the amount of dispersant is increased, the particle size (d50) decreases until an optimum is reached at pH 9. Further, the interesting feature which can be seen from Table 3 and Fig. 6 is that the reported size distribution remains approximately uniform over the entire concentration range and d50 measured by different concentrated alumina suspensions has a tolerance number of ~± 0.04 μm which is in good agreement with the value of d50 for original powder given by the producer. These observations are in good agreement with the results obtained from the present ESA measurements and those made by other workers. 15) However, the increase in size can be reflected in the sedimentation volume because of changing of the pH value, which for suspension with 2 vol% as illustrated in Fig. 7 sedimentation volume displays maxima at the IEP (pH 9.8) of bare alumina suspension. However, the increase in the apparent particle size correlates well with the other properties that reflect the coagulation behavior based on pH-dependency.
The addition of optimum amount of Dolapix CE64 to a concentrated, 45.68 vol% suspension at pH 9 provided electrosteric dispersion (see Fig. 5 ) and decreases mean (d50) particle size near to the original size. An increase in the absolute magnitude of the negative ESA value paralleled a decrease in the viscosity (η) value of the suspension as the particles dispersed. At the same time, the average (d50) particle size of both suspensions: 2 vol% and 45.68 vol% (after dilution to 0.0014 vol%) that were calculated from the laser light scattering Mastersizer-2000 (Malvern Instrument, UK) decreased from 0.514 μm at pH 9 in the absence of Dolapix CE64, to 0.486 μm and slightly increased to 0.558 μm, after the addition of the optimum amount 0.4 mass% of Dolapix CE64 (see Fig. 6 and Table 3 According to this model, ζ-potential is a measure of the attractive force between the particles in a floc, which determines the floc volume ratio. Also, the results reported by the other researchers 18) showed that the Bingham yield (τ 0) value is a measure of the viscous energy required to move liquid into and out of the floc as it becomes distorted, and that this relation is similarly dependent on ζ 2 . Hence, the reduction in τ 0 is attributed to the adsorbed anionic polyelectrolyte providing of electrosteric interactions between the Al2O3 particles. Although, Johnson et al. 19) reported electroacoustic and rheology measurements on a similar alumina at up to a concentration of 30 vol%. However, in this investigation we demonstrated that the ESA measurements can be made on more concentrated suspensions close to the processing conditions and results can be correlated empirically. Hence, we have reported results of the high 45.68 vol% (77 mass%) concentrated suspension, which was not reported before. Aside from this, the rapidity and reliability of the ESA technique allows the prospect of real-time process control, using measurements on the processing routes.
Conclusions
The following conclusions have been drawn on the basis of the electrokinetic sonic amplitude (ESA) measurements of different concentrated α-Al2O3 aqueous suspensions in the presence of anionic polyelectrolyte:
(1) ESA measurements provide a convenient and reliable technique of fast and directly determining the electrokinetic (ζ-potential, ESA signal) values of the relatively concentrated colloidal α-Al2O3 suspensions close to the processing conditions.
(2) Very good agreement is observed between ζ-potential, ESA signal, viscosity and the relative pH dependency for the each concentrated α-Al2O3 suspension with different amounts of dispersant (Dolapix CE64). (3) Consequently, the observed electrokinetic (ζ-potential, ESA) values showed a good correlation with the sedimentation volume, η and Bingham value, which allow them to be used as surrogates for these properties under conditions for which the Fig. 7 . pH dependence of (▲) sedimentation volume for a 2 vol% bare alumina suspension. 
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anionic polyelectrolyte dispersant (Dolapix CE64) acts through the electrosteric interactions between the α-alumina particles in the aqueous suspension.
(4) Finally, the results obtained from the relationship between electrokinetic (ζ-potential, ESA) values, viscosity and particle size measurements indicate that the amount of 0.4 mass% Dolapix CE64 is the optimum amount of dispersant that can be adsorbed onto the α-Al2O3 particles and required to stabilize a concentrated 45.68 vol% (77 mass%) α-Al2O3 suspension at the inherent pH (9.0-9.2) with strong electrosteric dispersion effect.
